SUMMARY. We studied the effects of adenosine and isoproterenol on membrane currents of isolated bovine and guinea pig ventricular myocytes with a two-microelectrode voltage clamp technique. Adenosine (50 ^M to 0.2 mM) alone had no effect on any of the membrane currents measured, but it antagonized the effects induced by 10 nM isoproterenol. Peak calcium membrane current was augmented by isoproterenol from a control of 4.8 ± 0.6 to 8.6 ± 0.8 nA and adenosine reduced it to 5.7 ± 0.7 nA (mean ± SEM of six cells). The inactivation time constant was not altered by isoproterenol alone or isoproterenol plus adenosine, and neither was the voltage dependence of peak calcium membrane current. Thus, the changes caused by isoproterenol could be described as an increase in maximal calcium conductance from 0.86 ± 0.7 to 1.55 ± 6.04 mS/ cm 2 and partially antagonized by adenosine to 0.97 ± 0.04 mS/cm 2 . Isoproterenol also increased the non-inactivating component of calcium membrane current from 17 ± 1 to 24 £ 4%, and adenosine reduced it to 18 ± 2% (n = 4). The steady state activation and inactivation Variables remained unchanged. Consistent with these effects on calcium membrane current, adenosine completely antagonized the isoproterenol-induced increase of the slow action potentials obtained in sodium-free medium. Isoproterenol increased the steady state outward currents abpotentials between -90 and -30 mV (i.e., probable i K1 ). Adenosine alone had no effect on potassium membrane current, but it antagonized the effects of isoproterenol. Slow action potentials in. 25 mM potassium were enhanced by isoproterenol, but were only moderately attenuated by adenosine. Accordingly, in 25 mM potassium the isoproterenol-induced changes in membrane currents were not antagonized by adenosine. This lack of inhibition by adenosine of the isdproterenol effects in 25 mM potassium could not be mimicked by 1-minute-long conditioning prepulses to -45 mV. The results indicate that adenosine by itself (absence of isoproterenol) has no effect on maximal calcium conductance, that the isoproterenol-induced increase in cyclic adenosine 3',5'-monophosphate, which leads to an increase in maximal calcium conductance, is antagonized by adenosine, and that such action can account for the ability of adenosine to attenuate the stimulatory effects of isoproterenol. (Circ Res 55: 309-325, 1984) 
Ionic Basis for the Antagonism between Adenosine and Isoproterenol on Isolated Mammalian Ventricular Myocytes
SUMMARY. We studied the effects of adenosine and isoproterenol on membrane currents of isolated bovine and guinea pig ventricular myocytes with a two-microelectrode voltage clamp technique. Adenosine (50 ^M to 0.2 mM) alone had no effect on any of the membrane currents measured, but it antagonized the effects induced by 10 nM isoproterenol. Peak calcium membrane current was augmented by isoproterenol from a control of 4.8 ± 0.6 to 8.6 ± 0.8 nA and adenosine reduced it to 5.7 ± 0.7 nA (mean ± SEM of six cells). The inactivation time constant was not altered by isoproterenol alone or isoproterenol plus adenosine, and neither was the voltage dependence of peak calcium membrane current. Thus, the changes caused by isoproterenol could be described as an increase in maximal calcium conductance from 0.86 ± 0.7 to 1.55 ± 6.04 mS/ cm 2 and partially antagonized by adenosine to 0.97 ± 0.04 mS/cm 2 . Isoproterenol also increased the non-inactivating component of calcium membrane current from 17 ± 1 to 24 £ 4%, and adenosine reduced it to 18 ± 2% (n = 4). The steady state activation and inactivation Variables remained unchanged. Consistent with these effects on calcium membrane current, adenosine completely antagonized the isoproterenol-induced increase of the slow action potentials obtained in sodium-free medium. Isoproterenol increased the steady state outward currents abpotentials between -90 and -30 mV (i.e., probable i K1 ). Adenosine alone had no effect on potassium membrane current, but it antagonized the effects of isoproterenol. Slow action potentials in. 25 mM potassium were enhanced by isoproterenol, but were only moderately attenuated by adenosine. Accordingly, in 25 mM potassium the isoproterenol-induced changes in membrane currents were not antagonized by adenosine. This lack of inhibition by adenosine of the isdproterenol effects in 25 mM potassium could not be mimicked by 1-minute-long conditioning prepulses to -45 mV. The results indicate that adenosine by itself (absence of isoproterenol) has no effect on maximal calcium conductance, that the isoproterenol-induced increase in cyclic adenosine 3',5'-monophosphate, which leads to an increase in maximal calcium conductance, is antagonized by adenosine, and that such action can account for the ability of adenosine to attenuate the stimulatory effects of isoproterenol. (Circ Res 55: 309-325, 1984) THE cardiac stimulatory actions of isoproterenol are associated with an increase in the slow Ca ++ inward current (i Ca ) (Tsien, 1973 (Tsien, , 1977 Reuter and Scholz, 1977) . Similar to cardiac multicellular preparations, isolated mammalian ventricular myocytes respond to catecholamines by increasing cellular cyclic adenosine 3',5'-monophosphate (cAMP) and the slow Ca ++ inward current (Moustafa et al., 1976; Powell and Twist, 1976; Isenberg and Klockner, 1982c) . The isoproterenol-induced increase in i Ca in isolated single cardiac myocytes can cause an excess transmembrane influx of calcium, which, in turn, may lead the myocytes to a state of calcium overload (Isenberg, 1982; Isenberg and Klockner, 1982c) . In a recent study, we proposed that this Ca ++ overload caused by isoproterenol might be responsible for the observed afterdepolarizations that ultimately could result in triggered automaticity (Belardinelli and Isenberg, 1983a) . In support of such proposal, it has been shown (Matsuda et al., 1982; Kass and Tsien, 1982) that changes in intracellular Ca ++ appears to modulate in a predictable way the amplitude of the afterdepolarizations and the associated transient inward current (TI). For example, intracellular injection of Ca ++ ions or cAMP increase the amplitude of TI, whereas EGTA decreases it (Matsuda et al., 1982; Kass and Tsien, 1982) . Interestingly, adenosine, which has been shown to antagonize many of the myocardial actions of isoproterenol, such as increase in cAMP, increase in contractility, and enhancement of slow action potentials (Schrader et al., 1977; Dobson, 1978; Belardinelli et al.,,1982) , is also capable of antagonizing the electrophysiological effects of isoproterenol (including afterdepolarizations) in isolated ventricular myocytes (Belardinelli and Isenberg, 1983a) . We suggested that adenosine may renormalize the excess Ca ++ load of the cells caused by isoproterenol, and thereby antagonize the consequences of Ca ++ overload, such as afterdepolarizations and aftercontractions (Belardinelli and Isenberg, 1983a) . Although, as mentioned above, the antagonism between adenosine and catecholamines has been well established, the ionic mechanism underlying this antagonism remains to be elucidated. Therefore, the present study is an attempt to determine the mechanism by which adenosine antagonizes the actions of isoproterenol in isolated mammalian ventricular myocytes.
Methods Preparation and Solutions
The experiments were performed on single isolated ventricular myocytes obtained from guinea pig and bovine hearts. Details of the isolation procedure have been described previously Klockner, 1981, 1982b; Belardinelli and Isenberg, 1983a) . The cells were placed on the glass bottom of a perfusion chamber (volume 1 ml), which was mounted on the stage of an inverted TV microscope. The cells were superfused continuously at a rate of about 2.5 ml/min with prewarmed Tyrode's solution to give a final bath temperature of 35 ± 1°C. The composition of the normal Tyrode's solution was, in HIM: NaCl, 150; KC1, 5.4; CaCl 2 , 3.6; MgCl 2 , 1.2; glucose, 10; HEPES, 5; adjusted to pH 7.4 with NaOH. To study the slow action potentials, we employed two different methods. The myocytes were either depolarized with high [K + ] o (25 mvi) Tyrode's solution, or exposed to a Na + -free medium containing, in min: taurine, 290; KG, 5.4; CaCl 2 , 1.8; MgCl 2 , 1.2; glucose, 10; HEPES, 5; adjusted to pH 7.4 with Tris base.
Drugs
Isoproterenol-HCl (Sigma) and adenosine (Sigma) were dissolved in Tyrode's solution of the same composition as the one used to superfuse the cells. To prevent the oxidation of isoproterenol, all the solutions (including those without isoproterenol) contained 30 /*M Na 2 EDTA.
Electrophysiological Techniques
Glass microelectrodes filled with a 3 M KC1 solution with resistance between 15 and 25 Mft were used for measurement of membrane potentials. The microelectrodes were connected to an input amplifier that allowed stimulation through the voltage-sensing electrode. The voltage drop across the microelectrode produced by the injected current was compensated electronically (Dreyer and Peper, 1974) . The cells were stimulated at 0.5 Hz. The records of the resting and action potentials were digitized and stored on a digital tape recorder (1024 points at 10-bit resolution; ERDAC 4500, Macrodyn), and analyzed off-line (see below). The voltage clamp experiments were performed according to the conventional two-microelectrode technique. The setting time for a 100-mV clamp step was on the order of 300 /isec, and the capacitative currents decayed with a time constant of about 80 /isec [for comparison, see Isenberg and Klockner (1982c) ]. The current was measured from the input signal of the voltagecurrent converter of the electronic current pump (Dreyer and Peper, 1974) . The current records were digitized and stored as described above for the membrane potential.
The clamp pulses started from a holding potential that Circulation Research/Vo/. 55, No. 3, September 1984 was set at values between -35 and -45 mV, in order to inactivate the fast sodium current (i Na ). The duration of the clamp pulses was 170 msec, and, thereafter, the clamp was switched off. The current measured at the end of the 170-msec-long clamp step was referred to as the 'late current" (ii.). In addition, steady state currents were evaluated with 2-second-long clamp steps recorded on a Brush strip chart recorder. The slow calcium inward current (i Ca ) was analyzed and separated from the net current by either 'visual estimate" or graphical analysis. Both methods of analysis underestimate i Ca , because they do not take into account a possible non-inactivating fraction of the calcium current. The details and validation of the methods for measuring io, have been described previously (e.g., McDonald and Trautwein, 1978; Morad and Tung, 1982; Isenberg and Klockner, 1982c) , and are presented in the Results section of this manuscript. The steady state inactivation curves were derived from voltage clamp experiments in which the following protocol was used: clamp test pulses to +5 mV were preceded by 180-msec-long conditioning clamp pulses (pre-pulses) that varied between -40 mV and +60 mV. Following a 10-msec-long repolarization to -45 mV, 170-msec-long clamp steps (i.e., the test pulses) to +5 mV were applied (see diagram, Fig. 6 ). This double-step pulse program is similar to the one described by Chandler and Meves (1970) .
Leakage of KC1 out of the tips of the microelectrodes caused 'blebbing' of the surface membrane of the myocytes, which, in general, occurred within 20 minutes after the impalement of the cell Klockner, 1982b, 1982c) . Therefore, the experimental time for all the voltage clamp experiments was limited to 10-15 minutes.
Data Analysis
A Hewlett-Packard 85 microcomputer was interfaced with the digital tape recorder to read, analyze, and print out the data. Regarding the slow action potentials (slow APs), the APD 50 and APD 90 were calculated as the time required for the action potential to repolarize to 50% and 90% of its diastolic value, respectively. The rate of voltage change (dV/dt) from two neighboring points, by dividing their voltage difference by the sampling interval (usually 0.2 msec). Values for maximal dV/dt, i.e., V,^ of phase 0 (upstroke), phase 2 (plateau) and phase 3 (repolarization) will be reported as Ro, R2, and R 3 , respectively. The voltage dependence of dV/dt was determined by phase plane (Figs. 1 and 2) according to the method described by Isenberg and Klockner (1982b) .
For analysis of the voltage clamp data, the computer estimated the 'capacitive surface area' (Ac) of the cell by integrating the capacitive current transient (ic) and dividing it by a specific membrane capacitance of 1 fiF/cm 2 (see Klockner, 1982a, 1982c) . The time course of i Ca inactivation was determined according to the twoexponential model described by Isenberg and Klockner (1982c) . Using a least squares fit iteration, the computer subtracted the steady state current from the net currents. The data were rectified by logarithm and then fitted by linear regression analysis. A nonlinear least square program was utilized to fit the peak ic a data, according to Hodgkin-Huxley model of steady state activation (fj) and inactivation (cL) as applied by Reuter (1973 Reuter ( , 1979 to ica in cardiac muscle.
The mean ± SEM values reported were derived from the number of cells (n) studied. Statistical analysis was based on paired t distribution for comparisons between control data and all interventions. Comparisons were also made between isoproterenol alone, and isoproterenol plus adenosine. The differences were considered to be significant when the P value was less than 0.05.
Results

Slow Action Potential (Slow AP)
To inhibit the fast sodium inward current (i Na )/ the cells were superfused with Tyrode's solution containing 25 mM [K + ] o . Under these conditions, the resting membrane potential averaged -48.7 ± 0. (ISO, 10 T\M) Fig. 1; Table 1 ). Intracellular stimuli elicited slow APs with maximal rate of rise of phase 0 (Ro) of 14.9 ± 1 V/sec (Table 1) . As shown in Figure 1 (phase plane), the contribution of i Na to this maximal rate of rise (Ro) can be exluded because the differentiated signal showed a single component in the upstroke phase, and its maximum velocity was achieved at a membrane potential between +5 and +15 mV. The mean values of the slow APs amplitude, overshoot, and duration are summarized in Table 1 .
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The effect of 10 nM isoproterenol on the slow AP, and the partial reversal of this effect by 0.2 mM adenosine, are illustrated in Figure 1 and summarized in Table 1 . Isoproterenol caused a general enhancement of the slow APs. For example, as shown in Figure 1 , the addition of 10 nM isoproterenol caused a 1.56-fold increase in R o , whereas, in the presence of 0.2 mM adenosine, the same concentration of isoproterenol increased Ro by 1.26-fold. As summarized in Table 1 , the inhibition by adenosine of isoproterenol-induced increase in R o was moderate (i.e., partial) but nonetheless was significant (P < 0.05). Similarly, the increase in overshoot, amplitude, and duration caused by isoproterenol was moderately but significantly attenuated by 0.2 mM adenosine (Table 1) . Concentrations of adenosine above 0.2 mM had no further effect. Adenosine at lower concentrations (2-20 fiu) only slightly attenuated the effects of isoproterenol, and, by itself, had no detectable effect. The resting potential, as well as the rate of phase 2 (R2) and 3 (R3) repolarization, was not significantly altered by any of the interventions.
In Na
+ -Free Medium
In a separate series of experiments, the effects of isoproterenol and adenosine were studied in guinea pig ventricular myocytes superfused with Na + -free solution.
When normal Tyrode's solution was replaced by a Na + -free solution containing 1.8 mM CaCl 2 , the myocytes responded with a strong contracture. To avoid such a contracture, the cells were brought directly from the "KET-medium into the Na + -free Tyrode's solution (lsenberg, 1982) . Under these conditions, the myocytes had a resting membrane potential of -84.0 ± 1.0 mV (Table 2) , and intracellular stimulation resulted in slow APs (Fig. 2 ). An example of the antagonism by adenosine (2 X 10~5 M) of the isoproterenol-induced enhancement of the slow APs is illustrated in Figure 2 . As can be seen, isoproterenol caused a 2-fold increase in Ro, and after addition of adenosine (isoproterenol still present), Ro returned to a level slightly below control. The effects of isoproterenol on the overshoot were also completely antagonized by adenosine, whereas the prolongation of the AP duration caused by isoproterenol was partially reversed by adenosine. Thus, as summarized in Table 2 , 50 I*M adenosine largely 
Voltage Clamp Studies
The attenuation by adenosine of the isoproterenol-induced enhancement of the slow action potentials (high K + or Na + -free medium) could reflect changes in the slow inward calcium current and/or potassium outward current (i K ). For example, isoproterenol increases i Ca (see below), and adenosine could simply antagonize this isoproterenol effect. Alternatively, the observed changes in the slow APs could also be explained if adenosine were able to enhance i K , as was recently reported for isolated guinea pig atrial myocytes (Belardinelli and Isenberg, 1983b) . To differentiate between these two mechanisms, net membrane currents were recorded under voltage clamp conditions, and the data were analyzed in terms of the current components i Ca and
IK-
Antagonism by Adenosine of Isoproterenol-Induced Increase of i Ca
Changes in Net Membrane Current Figure 3 illustrates the effect of isoproterenol (row B) and adenosine (row C) on net membrane currents in a guinea pig ventricular myocyte. The fast Na current was inactivated by holding the membrane potential at -45 mV for 2 seconds. Thus, the record starts with a holding current which is outwardly directed because the holding potential is more positive than the resting potential of the cell. From the holding potential of -45 mV, a depolarizing clamp pulse to +5 mV for 170 msec was applied. The response to such a depolarization step starts with an outward-directed capacitive current. Subsequently, the current reverses polarity, i.e., becomes net negative (inward directed). A net negative current surge of -3.9 nA is seen 2 msec after start of the clamp step, which later will be attributed to the activation of i Ca (see below). Subsequently, the net current wave reverses direction, and 37 msec after the start of the clamp step, it becomes outward directed. Finally, at the end of the 170-msec clamp step, a net outward-directed current, "late current" (i L =1.5 nA) is measured.
As shown in Figure 3 (row B), isoproterenol increased the holding current from 1.0 to 1.9 nA, and adenosine reduced it to 1.2 nA (row C). These changes in holding current, which are probably due to changes in i K i, are described on page 319. In addition, isoproterenol caused an increase in the negative current surge, whereas, in the presence of adenosine, the isoproterenol-induced increase in the negative current surge was largely attenuated. Neither isoproterenol nor adenosine changed the time to negative peak. Isoproterenol prolonged the time required for the net current wave to change polarity from 37 to 80 msec (i.e., time to intercept the zero current line), and adenosine partially reversed it to 50 msec. The late current (i L ) was reduced by isoproterenol from 1.5 to 1.0 nA, whereas, in the presence of adenosine, isoproterenol reduced i L to 1.3 nA. In summary, all the changes in net current caused by isoproterenol were largely antagonized by 0.2 mM adenosine.
Changes in Peak i Ca
The individualization of the slow calcium inward current (ica) can be obtained by subtracting the peak net current (negative surge) from the late current (i L ) (current level at the end of 170-msec depolarizing pulse). This procedure, referred to as the "visual estimate" of i Ca , and its sources of error, have been outlined previously by McDonald and Trautwein (1978) and by Isenberg and Klockner (1982c) . Application of this method of analysis to the current records of Figure 3 , yielded a control value of -5.4 nA for peak i Ca . In the presence of isoproterenol, peak i Ca increased to -10.1 nA, and adenosine reduced this isoproterenol-induced increase in i Ca to -6.8 nA. When both substances were washed out, peak i Ca returned to near control, i.e., -5.3 nA.
The results of Figure 3 were typical for six other experiments with guinea pig cells. The mean ± SEM of the calculated "visual estimate" of peak i Ca is listed in Table 3 . Similar values (not shown) were obtained in four additional bovine ventricular myocytes.
Time Constants of i Ca Inactivation
The graphical analysis procedure for evaluation of ica is based on the observation that the activation of JK occurs with a 10-fold longer time constant (>500 msec) than the i Ca inactivation time (<50 msec). Graphical analysis reveals that the i Ca inactivation process is composed of two time constants (Isenberg and Klockner, 1982c) . The two exponential components, i.e., a slow and a fast component, are depicted in Figure 3 (right hand panels).
Slow Component of i Ca . During the period between 40 and 170 msec after start of the depolarizing pulse, the time-dependent current wave could be fitted according to i Ca (t) = ic°a-exp(-t/T s ). This part of the current had been attributed to the slow component of i Ca (Isenberg and Klockner, 1982c) . The mathematical fit is characterized by a slow inactivation 8.6 ± 0.8* 5.7 ± 0.7f 4.4 + 0.8
Mean ± SEM of io in nanoamperes from six cells. Holding potential = -40 mV; clamp step to +5 mV.
• P < 0.05 from control, t P < 0.05 between ISO alone vs. ISO + ADO.
time constant (T S ) which is on the order of 30 msec at +5 mV. The other parameter of the slow component is ic°a, i.e., the current obtained by extrapolating the regression line defining the inactivation time course to the non-inactivating state at t = 0. The amplitude of this inactivating part of i Ca is smaller by approximately 15% (due to the non-inactivating fraction of Ca channels) than the fully activated current i Ca (Isenberg, 1982) . Fast Component of i Ca . As pointed out above, the semilog plots of Figure 3 indicate that the inactivation process of i Ca does not follow a single exponential. When the regression line of the slow component is subtracted from the total current (experimental data indicated by the open circles), the result is a component (indicated by filled circles) that decays with a time constant (r f ) of 5 msec. This faster exponential decaying process can be described by ica(t) = ickexp (-t/T f ). Extrapolation of the fast component of the inactivation process to time zero (i.e., intersect with ordinate) gives the amplitude of the fast inactivating component (ic a ).
The total magnitude of inactivating ic a is obtained by the sum of both components, i.e., ic°a + ic a -In the example illustrated in Figure 3 from a guinea pig ventricular myocyte, the control value for io, is 6.1 nA. The value is similar to the ones previously reported in bovine ventricular myocytes (Isenberg and Klockner, 1982c) .
As also shown in Figure 3 , isoproterenol increased peak ica without modifying its kinetics of inactivation, i.e., the time constants of the slow and fast exponential components of i Ca inactivation did not change significantly. This is similar to the reported effect of adrenalin on the i Ca inactivation kinetics in bovine ventricular myocytes (Fig. 11 in Isenberg and Klockner, 1982a) . In the presence of isoproterenol, the addition of adenosine attenuated peak i Ca without altering the two inactivation time constants. Data obtained from a total of five guinea pig and four bovine ventricular myocytes indicate that neither isoproterenol nor adenosine causes a statistically significant change in the time constants.
As illustrated in Figure 3 , isoproterenol caused a 1.87-fold increase in peak i Ca (visual estimate), which can be attributed to an increase in the fully activated i Ca current estimated from the graphical analysis. According to the graphical analysis (Fig.  3) , isoproterenol increased i Ca by a factor of 1.84, i.e., from -6.1 to -11.2 nA. Adenosine antagonized this isoproterenol effect by decreasing ic a from -11.2 to -7.9 nA. Thus, in the presence of adenosine, isoproterenol enhanced the ic a by a factor of 1.29, as opposed to 1.84. The fast component was slightly more sensitive to isoproterenol than the slow component. Similarly, the fast component was also more sensitive to adenosine than the slow component.
Current-Voltage Relations of peak i Ca
So far, the antagonism of adenosine on the isoproterenol-induced enhancement of ic a was exam-ined at only one clamp step potential. To determine whether such an antagonism also applies to other membrane potentials, we analyzed i Ca at potentials between -40 and +50 mV. Figure 4 illustrates the effects of isoproterenol and adenosine on the I-V curves of peak ica measured in a guinea pig ventricular myocyte. The threshold potential (at about -35 mV), the potential of half maximum current (around -20 mV), and the potential of maximal peak i Ca of +5 mV were essentially the same under all experimental conditions. Thus, the descending part (from zero to maximum current) of the I-V curves obtained during control, in the presence of 10 nM isoproterenol, and in the presence of isoproterenol plus 0.2 mM adenosine, have similar shapes. As can be seen by comparing the three I-V curves in Figure 4 (panel D), adenosine did not modify the negative slope of the I-V curve; i.e., adenosine-induced attenuation of peak i Ca was independent of the clamp step potential. The results obtained from a total of three guinea pig and three bovine ventricular cells showed that isoproterenol between -40 and +10 mV caused a voltage-independent increase in peak i Ca by a factor of 1.72 ± 0.2. Addition of adenosine attenuated this voltage-independent factor to 1.21 ± 0.15. Thus, at potentials negative to + 20 mV, the three I-V curves scale to common scale factors.
Changes in Reversal Potential (E rev ).
Extrapolating the ascending part of the peak i Ca -voltage curves to the voltage axis (Fig. 4) , one obtains the "apparent" reversal potential of i Ca (Isenberg and Klockner, 1982c) . The data from Figure 4 indicate that isoproterenol shifted the apparent E rev from +42 to +54 mV, whereas, in the presence of adenosine, E rev returned to +45 mV. Similar evidence for antagonism of adenosine on the isoproterenol-induced shift of E rev comes from the I-V curves obtained from five additional cells.
The observed changes in the "apparent" E rev cannot be interpreted as changes in the "true" reversal potential or in the i Ca driving force, for several reasons. The apparent E rev indicates the potential at which ic a can no longer be detected. The disappearance of a negative current surge (ic a ) in the net current wave is not exclusively due to ic a = 0 or its reversal of polarity, but could also reflect the overlap with the decaying potassium outward currents (Isenberg and Klockner, 1982c) . For example, as shown in Figure 4 , during control conditions at +45 mV, ica was undetected (i.e., "masked"), but isoproterenol uncovered it by doubling its amplitude. Adenosine antagonized the isoproterenol-induced increase in peak i C a/ and, as during control conditions at +45 mV, i Ca again became undetected. Thus, the effects of isoproterenol and adenosine on peak i Ca can fully account for the observed changes in the "apparent" E rev , even with the assumption of a constant "true"
Peak Calcium Conductance and Steady State Activation Curve doo
In this and the following section, we report our attempt to determine whether or not the adenosine inhibition of the effects of isoproterenol is associated Reuter (1973) . That is,
Ac is the capacitive surface area estimated from the capacitive currents assuming a specific capacitance of 1 jtF/cm 2 (Isenberg and Klockner, 1982c) , and go is the voltage-dependent conductance (mS/ cm 2 ). g' Ca underestimates the maximal available conductance (g Ca ) because: (1) a non-inactivating portion of i Ca is missed, and (2) part of the conductance inactivates at the time of peak i Ca . Based on the literature (Reuter, 1973; McDonald, 1982; Isenberg and Klockner, 1982c) , it was assumed that d<» (v) = 1 for V > +20 mV, whereas the remaining parameters were adjusted by computation with a least square fit, according to Circulation Research/Vo/. 55, No. 3, September 1984 Isoproterenol (ISO)
Equations 1 and 2 describe peak i Ca reasonably well, as long as the potential is negative to +35 mV. However, at more positive potentials, the experimentally measured peak ic a values deviate from the predicted curve (Fig. 5, A and B) . The deviations from the predicted curve describing peak i Ca were found in six of eight cells (both for bovine and guinea pig myocytes), and, hence, may indicate that the model employed is inadequate for depolarizations greater than +35 mV. Nevertheless, Equations 1 and 2 were used, but the data points for V > +35 mV were disregarded, in the analysis. In this case, the fit of the data resulted in E rev values that were shifted by only a few millivolts, (Table 4) . Our reasons for analyzing the data according to Equations 1 and 2 were 3-fold: (1) because we could not adequately measure i Ca for V > +35 mV, (2) to compare our resutls with those of Reuter and Scholz (1977) , and (3) because potentials more positive than +30 mV are not very relevant for the plateau phase of the action potential. According to the least squares fit, a slope factor ) of -8.5 mV and a potential of half-maximal activation (V0.5) of -8 mV were obtained. The same values for both parameters, i.e., kj and V0.05, could be used for fitting the data obtained in the presence of isoproterenol alone, as well as in isoproterenol plus adenosine. Thus, for potentials negative to +35 mV, the changes in peak i Ca caused by the interventions (i.e., isoproterenol and/or adenosine) were due to changes in the conductance variable gc a and not in the steady state activation variable d» (v). In Figure 5 , C and D, g Ca is indicated by the intercept of the curve described by the filled circles with the right ordinate. The comparison between those curves in panels C and D illustrates that gc a is 1.96 mS/cm 2 in the presence of isoproterenol alone (Fig.  6) Values are mean ± SEM of four bovine ventricular myocytes. Experimental data were fitted with Equations 1-3 (see text).
mS/cm 2 (panel D). ADO did not change the parameters of d* (V), i.e., the shape of the curve is the same. Inactivation curve (open circles). Non-normalized inactivation curve ga,-fm*(V). Peak i a measured during the test step
* k = slope and V 0 . 5 = potential of half-maximum value. f Also given is the steady state residual conductance in terms of its voltage-independent fraction (r 0 ) and slope factor k r .
+ P < 0.05 from control. § P < 0.05 between ISO alone vs. ISO + ADO.
(panel C), and that adenosine attenuates the isoproterenol-induced increase in g Ca to 1.08 mS/cm 2 (panel D). Table 4 summarizes the data obtained from a total of four bovine ventricular myocytes. Similar values were calculated from experiments with two guinea pig ventricular cells. Table 4 also shows that neither isoproterenol, nor isoproterenol plus adenosine, produced any systemic change in the potential of halfmaximum activation (Vo. 5 ) or on the slope factor (k d ). Thus, for potentials negative to +35 mV, the effects of isoproterenol can be ascribed to its ability to induce an augmentation of go, (1.8-fold increase in go) which is largely antagonized by adenosine (1.1-fold increase).
gca and the Steady State Inactivation Variable (fj
The foo variable was evaluated by means of two different experimental protocols: (1) prior to application of the test step to +25 mV, the membrane was clamped (conditioned) for 2 seconds to holding potentials between -50 and 0 mV, and (2) a doublepulse program voltage clamp (Chandler and Meves, 1970) was applied: that is, a 200-msec conditioning prestep was separated from the test pulse by a 10-msec repolarization to -45 mV (Fig. 6) .
In protocol 1, peak ic a was evaluated according to the visual estimate from the response during the test pulse. Peak i Ca was divided by a driving force of 20 mV (V m -E rev = 25 mV -45 mV) and by the capacitive membrane area (Ac). Assuming d« (+25 mV) = 1, the data can be described as follows:
The evaluation of three experiments from guinea pig myocytes showed that 10 nM isoproterenol increased gca from 0.49 to 0.81 mS/cm . When adenosine was added in the presence of isoproterenol, gca returned to 0.55 mS/cm 2 . The least squares fit did not reveal significant changes in the parameters of half-maximal inactivation (V0.5 = -19 mV) or the slope factor (kf = -8.5 mV). Thus, we conclude that isoproterenol and adenosine modify i Ca by changing the maximum available conductance g Ca / and not via a change in the steady state inactivation variable (fa,). However, this conclusion is limited to the experiments that employed the conditioning holding potential, but is not valid for those in which the double pulse (see following section, protocol 2) was applied.
g'ca-f™ Evaluated with the Double-Pulse Protocol (Protocol 2).
The experimental procedure and the recorded currents are illustrated in Figure. 6. The test pulse to +5 mV elicited a calcium current whose peak depended on the prepulse potential. Inactivation was maximal, and peak i Ca (of the test pulse) was minimal after a prepulse to +5 mV. When the prepulse went to -35 or to +45 mV, inactivation was less pronounced and i Ca was larger. The conductances illustrated in panels C and D of Figure 5 (open circles) were calculated from peak ic a evoked by the test pulses depicted in Figure 6 . Peak i Ca was divided by a driving force of 40 mV (Vm -Er ev = 5 mV -45 mV) and by a surface membrane area of 1.96 x 10-4 cm 2 . Figure 5 , panels C and D) could not be fitted with Equation 4, since it does not fall to zero. Instead, after reaching a minimum value, the 
It is clear that the conductance (depicted by the open circles in
FIGURE 6. Double-step pulse experiment illustrating the effects of isoproterenol (ISO) and adenosine (ADO) on peak i Ca in a bovine ventricular myocyte. This double-pulse voltage clamp protocol (inset, top) was used to evaluate the steady state inactivation variable (fj*). Data for Figure 5 and Table 4 were derived from this type of experiment. Row A is the control; row B was obtained in the presence of 10 nM ISO, and row C after addition of 0.2 minADO in the continued presence of ISO. Calibrations in the bottom right panel applies to all panels.
conductance increased again as the potential became more positive. For an adequate fit, the term f «> (V) of Equation 4 was modified to fl (V) according to:
L (V) = L (V) + r(V)«, = f» (V) + r 0 + |l+exp[(V-50 mV)/k r ]r (6) The residual or non-inactivating part of the conductance is described by the additional term r» (V) without implying that the underlying mechanism would be gated by voltage or Caj. Its voltage-independent fraction, r 0 , varies between 10 and 25% of total gca-The term r 0 almost coincides with the intersection of the curve fl and the ordinate axis at 0 mV. The ascending part of r» (V) indicates that the inactivation by the prepulse becomes less effective as the voltage becomes more positive. The potential of half disappearance of inactivation was arbitrarily set to 50 mV, and the slope factor (k r ) could be obtained from the least square fit.
As can be seen in Figure 5 , in the presence of 10 nM isoproterenol, g Ca is equal to 1.97 mS/cm 2 (panel C), whereas, after the addition of adenosine (panel D), gca decreased to 1.27 mS/cm 2 . In regard to the minimum value ro (maximal but incomplete inactivation), r 0 was 25% of g*^ in the presence of isoproterenol, whereas it was 18% of gc a after the addition of adenosine. In the potential range between -60 and 0 mV, the descending part of C (V) is determined by gca-f» (V). For both isoproterenol alone and isoproterenol plus adenosine, f => (V) had the same slope factor (k f = 7.5 mV) and the same potential of half-maximal inactivation (V 05 = -25 mV). Thus, the data derived from the double pulse experiments also support the hypothesis that the effects of isoproterenol and adenosine are due to changes in gc a but not in («, (V). At positive potentials of the prepulse, the ascending part of the curve, i.e., fL, (V), was modified differently by isoproterenol and/or adenosine. That is, it was steeper in the presence of isoproterenol alone than in the presence of isoproterenol plus adenosine. This effect of adenosine on the steepness of the curve was characterized by a reduction of the slope factor from -22 to -60 mV. Table 4 gives the mean values for the change in gca, as well as the parameters of C. Relative to a control of 1, isoproterenol increased go, by a factor of 1.5, and the addition of adenosine reduced this factor to 1.07. No significant effect of isoproterenol or isoproterenol plus adenosine on the f <» parameters is apparent, i.e., both k f and Vo. 5 are nearly constant. In regard to r», isoproterenol increased r 0 by 1.4-fold, and the addition of adenosine reduced this factor to 1.17. Furthermore, isoproterenol increased the steepness of the ascending curve r<» (V), and adenosine reduced it (Fig. 5) . Consequently, isoproterenol reduced the slope factor k r by a factor of 2.6, and adenosine increased it by 1.5 (Table 4) .
Residual Calcium Current (ib)
In the preceding paragraph, we suggested that i Ca does not completely inactivate. For instance, in Pur-kinje fibers, incomplete inactivation of ic a has been described by Gibbons and Fozzard (1975) , and pharmacological evidence for residual ic a has been presented by Kass et al. (1976) and Isenberg (1982) . Therefore, the "visual estimate" or the "graphical analysis" underestimates the peak i Ca , because both fail to detect the 10-25% fraction of non-inactivating i Ca -We carried out preliminary experiments to determine the non-inactivating component of i Ca by exposing the myocytes to 5 mM NiCl 2 (Ni). However, the experiments were inconclusive because the recovery after exposure to Ni ++ took a long time and invariably remained incomplete, and because the Ni ++ -sensitive current contained an outward-directed component, probably a Caj-activated ix (see Isenberg, 1982; Morad and Tung, 1982) . Nevertheless, ica could be calculated from the overlap or "window" of the curves d* (V) and C (V) (see 
In panels A and B of Figure 5 , the computed ic a is indicated by the broken lines. Its voltage dependence differs slightly from the voltage dependence of peak i Ca . For control conditions, ic a was very similar to the broken curve in panel B of Figure 5 (isoproterenol plus adenosine), and, thus, is not illustrated. According to panel B of Figure 5 , ic a activates at a threshold potential of -45 mV (i.e., similar to i Ca ), it falls with a negative slope to a minimum (maximum ica) at about +15 mV, and it reverses at +42 mV. At control, the amplitude of ic a never exceeded 3.5 nA/ cm 2 . The presence of isoproterenol increased ic a by a factor of more than 3.
Based on the above findings, we anticipate that ica contributes to the changes seen in the steady state net membrane analyzed with 2-second clamp pulses. The effects of isoproterenol and isoproterenol plus adenosine on the steady state net membrane currents are illustrated in Figures 7 (guinea pig) and 8 (bovine). In Figure 7 , isoproterenol reduced the net membrane current below the control when the potential was more positive than -22 mV. Addition of 0.2 mM adenosine completely antagonized this change (compare panels A and C in Fig.  7) . Thus, the isoproterenol-induced current coincides with the current blocked by adenosine. This adenosine-sensitive current in panel D of Figure 7 shows both an outward and an inward component. The inward component may be attributed to ic a , but note that the inward component of Figure 7D shows a different voltage dependence than ic a in Figure 5 . However, as shown in the next paragraph, a change in the potassium outward current ixi is superimposed, thereby masking the threshold of the inward component. When the potassium component of the adenosine-sensitive current is subtracted (as the case illustrated in Fig. 8B ), the adenosine-sensitive inward component (dotted line, Fig. 8B) shows a threshold at -45 mV, a maximum at +10 mV, and an "apparent" reversal potential at +50 mV. Such voltage dependence strongly resembles the one of i Ca in Figure 5 , suggesting that a change in ic a is part of the effect of isoproterenol and adenosine on the steady state currents. However, the present experiments do not rule out the possibility that, at positive potentials, part of the changes in net membrane current are influenced by i x . If one can extrapolate the data from Purkinje fibers to ventricular myocytes, then isoproterenol should increase i x (Tsien et al., 1972) , and adenosine may renormalize this increment in i x . Assuming that this is the case, then the effects of isoproterenol and adenosine on the non-inactivating ic a component (ic a ) was underestimated. Figure 8 illustrates the effects of isoproterenol, adenosine, and cesium chloride (CsCl) on the steady state currents of a bovine ventricular myocyte. In the presence of 10 nM ISO (filled circles), the I-V curve shows a pronounced "N* shape. The net current recorded within the potential range between -25 and +20 mV are negative, indicating that a free-running action potential would tend to remain at the plateau potential for a longer time, before repolarizing. Additon of 0.2 mM adenosine (filled triangles) attenuated the N-shaped configuration of the curve; i.e., the currents were less outward for potentials more negative than -40 mV and less inward at potentials positive to +40 mV. The adenosine-sensitive current is depicted by the filled circles in panel B of Figure 8 .
Antagonism by Adenosine of the Isoproterenolinduced Enhancement of the Potassium Current ijn
To determine, with more certainty which current components contribute to the adenosine-sensitive current, we treated the cell with 20 mM CsCl (in the presence of both adenosine and isoproterenol). In the presence of CsCl (open triangles), the I-V curve is no longer N-shaped, and at resting potential (intercept with mV axis), the slope of the curve is markedly attenuated. CsCl is known to block the inward rectifying potassium current i K i (Isenberg, 1976; Trautwein and McDonald, 1978; Vereecke et al., 1980; Isenberg and Klockner, 1982c) . In the continuous presence of 20 mM CsCl, at clamp steps negative to -50 mV, the addition of isoproterenol or isoproterenol plus adenosine did not change the I-V curve. That is, the slope conductance and the intercept with the voltage axis remained unaltered. This result suggests that the Cs-sensitive i K i contributed to the adenosine-sensitive current in Figure 7D . As depicted in Figure 8 (panel B) , the characteristics of the Cs + -sensitive current are typical of i K i current; that is, it has a reversal potential at -88 mV, has a maximum at -60 mV, and declines to zero at positive potentials. Comparing the adenosine-and Cs + -sensitive currents, both have a reversal potential at -88 mV and a similar inwardly rectifying voltage dependence. The amplitude of the adenosine-sen- sitive current, as well as of the isoproterenol-induced currents, is much smaller than that of the Cs + -sensitive current. This finding suggests that the isoproterenol-induced increase in i Ki , and its reduction by adenosine involves only part of the potassium channels.
Influence of [K + ] o and Membrane Depolarization on the Inhibitory Effects of Adenosine
In the first part of Results, it was shown that adenosine completely antagonized the isoproterenol-induced increase of the slow APs obtained in Na + -free medium. In contrast, in the depolarized myocytes, by 25 mM [K + ] o , the inhibitory effect of adenosine on the isoproterenol-enhanced APs were seen only at high concentrations of adenosine (e.g., 0.2 mM) and were markedly attenuated. In this section, it will be shown that the same attenuation of the inhibitory effects of adenosine holds true for the net membrane currents or its components iC a or ixi, when studied in myocytes depolarized by 25 mM [K + ] o . Figure 9 illustrates the results of a voltage clamp experiment performed on a guinea pig ventricular myocyte superfused with Tyrode's solution containing 25 mM [K + ]o. In regard to the late currents (Fig. 9) , the I-V curve measured at control conditions was N-shaped and intercepted the voltage axis at a resting potential of -52 mV. Exposure to 10 nM isoproterenol slightly increased the late outward currents in the potential region between -50 and -15 mV. At potentials more positive than -10 mV, iso- ] o , the effects of isoproterenol on the late membrane currents were not different. When, in addition to isoproterenol, 0.2 mM of adenosine was added, the effects of isoproterenol in the late outward currents were not modified.
The I-V curves described by the open circles in Figure 9 illustrate peak i Ca -Addition of 10 nM isoproterenol caused an increase in peak i Ca over the entire range of clamp potentials. In the potential range of -35 and +5 mV, the isoproterenol-induced augmentation of peak i Ca can be described by multiplying the control curve by a voltage-independent factor of 1.4. At more positive potentials, isoproterenol caused a shift on the ascending part of the I-V curve, and on the apparent reversal potential. In brief, the effects of isoproterenol on peak i Ca ob- (Figs. 4 and 5) . The results shown in Figure 9 illustrate a case in which adenosine (panel D and C) had no effect at all. In four other guinea pig myocytes, and, also, in five bovine ventricular myocytes, there was some attenuation by adenosine of the effect of isoproterenol. In average, isoproterenol increased peak i Ca by factor of 1.70, and adenosine attenuated this factor to 1.55. This inhibitory effect of adenosine was statistically significant, but it was significantly less than the inhibition observed in medium containing 5.4 mM [K + ] o (compare with values in Table  3 ).
+50
-"--I Under these conditions, increasing the duration of the clamp prestep from 2 to 20 seconds caused a reduction in peak i Ca by a factor of 0.89, and by increasing the clamp conditioning time from 2 seconds to 1 minute reduced peak i Ca by 0.90. These results suggest that the 20-second (but not the 2-second) conditioning pulse is long enough to achieve a true steady state inactivation. Finally, the procedure was applied to the same cells, but superfused with Tyrode's solution containing isoproterenol plus adenosine. Peak i Ca was reduced by a factor of 0.92 when the duration of the depolarizing clamp prestep increased from 2 to 20 seconds, and by 0.91 for a 1-minute clamp prestep. Thus, these results indicate that the influence of the duration of the conditioning holding potential was not altered whether isoproterenol and/or adenosine was present. Hence, contrary to the effects of 25 mM [K + ] o , holding the membrane potential at -45 mV for as long as 1 minute did not reduce the ability of adenosine to antagonize the isoproterenol-induced increase in peak ic a -In summary, the attenuation of the antagonistic action of adenosine on peak ic a by 25 mM [K + ] o could not be mimicked by the membrane depolarization alone (see page 322 for alternative interpretation).
Discussion
Although, in recent years, the attenuation of the cardiac stimulatory action of catecholamines by the nucleoside adenosine has become well established, until now, its underlying ionic mechanism remained to be elucidated. In arrial cells, adenosine has a direct effect, in addition to attenuating the actions of catecholamines. This direct effect of adenosine was recently shown to be associated with an increase in potassium outward current (BelardinelH and Isenberg, 1983b; Jochem and Nawrath, 1983 ). In contrast to a trial cells, in the ventricular myocardium this direct action of the nucleoside is absent.
The results of the present study show that isoproterenol augmented the slow inward calcium current (ic a ) by increasing the maximal available calcium conductance (go>)/ and that adenosine antagonized this effect. This conclusion is supported by the findings that the kinetic parameters, such as the inactivation time constants, and the steady state activation and inactivation variables of ica/ remained constant. However, due to the difficulties in estimating the true Ca E rev and the contribution of i x to the net membrane current (see results, pages 315 and 319, respectively), this interpretation must be taken with caution. Regarding the effects of isoproterenol on gca/ the present results confirm those obtained with adrenalin and other /3-adrenergic agonists in ventricular trabeculae and papillary muscles (Reuter and Scholz, 1977) , as well as those in isolated bovine and rat ventricular myocytes Klockner, 1981, 1982c) . It has been postulated that the increase in g Ca by adrenalin or /3-adrenergic agonists is due to an increase in the number of available calcium channels (Reuter and Scholz, 1977; Reuter, 1979) . Recently, this hypothesis has gained further support from single-channel recordings (Reuter et al., 1982) . Based on functional and biochemical evidence [for review, see Tsien (1977) ], the chain of events leading to an increase in Ca ++ influx by /3-adrenergic agonists can be described as follows: activation of the /3-receptor stimulates adenylate cyclase, resulting in an increase in the cellular level of cAMP, which, in turn, stimulates the activity of a protein kinase. The activation of protein kinase would cause an increase in the number of available functional calcium channels via a phosphorylation process. In fact, this latter step (i.e., increase in i Ca by activation of protein kinase) recently has been demonstrated to occur in guinea pig isolated ventricular myocytes (Brum et al., 1983) . There is evidence that adenosine antagonizes the effect of /3-receptor stimulation at the level of the adenylate cyclase (Schrader et al., 1977) . Consistent with that, adenosine antagonizes the isoproterenolinduced increase accumulation of myocardial cAMP (Schrader et al., 1977; Dobson, 1978; Baumann et al., 1981 , Belardinelli et al., 1982 . Therefore, it is conceivable that the observed antagonism of adenosine of the isoproterenol effects on ic a occurs at the adenylate cyclase level. Alternatively, adenosine could effect the binding of /3-adrenergic agonists and/or the number of /3-receptors, but no evidence for such hypothesis is presently available.
The antagonistic action of adenosine on the isoproterenol-induced augmentation of the slow APs, as well as on the peak i Ca / was significantly reduced when [K + ] o was increased from 5.4 to 25 mM. Such a finding is in keeping with literature reports on multicellular preparations, that show that adenosine fails to inhibit the isoproterenol-induced slow APs in higher [K + ] o medium (Schneider et al., 1976; Rubio et al., 1979) . Since this diminished ability of adenosine to antagonize the effects of isoproterenol could not be mimicked by depolarizing the membrane by voltage clamping it to -45 mV, it is concluded that it results from a direct interference of potassium ions, not secondary to its depolarizing action. However, since adenosine was applied before the cells were depolarized to -45 mV, the present results cannot completely rule out the possibility that the adenosine-receptor interaction and/ or the production of a second messenger could be inhibited by depolarization. In addition, whether potassium ions interfere with adenosine binding to its site of action or via some other mechanism that prevents the action of adenosine on the adenylate cyclase cannot be answered by the present study.
Regarding the actions of isoproterenol on ic a , evidence is also presented that isoproterenol increases a residual calcium current. The evidence is based on the double-pulse experiments from which a Ushaped steady state inactivation curve (£,) resulted, hence, different from the "classical" S-shaped (" curves (Reuter, 1979) . The differences of the curves' shapes are due to a fraction of residual or noninactivating channels. Similar U-shaped curves have been described previously in Aplysia neurons (Eckert et al., 1981) , in cow Purkinje fibers (Marban and Tsien, 1981) , and, more recently, in frog atrial muscle (Mentrard et al., 1984) . The interpretation of this phenomenon is that the inactivation of the calcium conductance depends on the entry and accumulation of calcium ions (at the cytoplasmic surface of the membrane) during depolarization. That is, the degree of inactivation that remains after a depolarization depends on the amount of calcium accumulated during depolarization (Eckert et al., 1981) . Thus, according to this interpretation, a decreased amount of calcium accumulation at the inner membrane surface would result in a greater fraction of noninactivating calcium channels or residual ic a -The finding that isoproterenol not only increased calcium entry (i Ca ) but simultaneously augmented ic a is difficult to reconcile with Cargated inactivation. However, the possibility exists that isoproterenol may have stimulated the Caj uptake by the sarcoplasmic reticulum, thereby causing, not an increase, but, in fact, a reduction in calcium accumulation at the inner surface of the membrane. Conversely, adenosine that antagonizes the isoproterenol-induced increase in calcium entry reduces the residual i Ca . Regardless of the effects of intracellular calcium accumulation on the inactivation of g Ca , our findings are consistent with a model in which the cAMPdependent phosphorylation process of the channel protein is enhanced by isoproterenol but antagonized with adenosine.
Like calcium channel blockers, adenosine may act by decreasing Ca ++ influx into the cell. However, adenosine appears merely to antagonize the additional influx of calcium caused by catecholamines, whereas calcium channel blockers can lower the cellular calcium load to below basal levels. Recently, evidence was presented which indicated that i Ca can load the ventricular myocytes with more calcium than previously recognized (Isenberg, 1982) . For example, a 100-msec depolarizing clamp pulse to the plateau potential (e.g., +5 mV) can result in an increase in the total (i.e., bound + free) intracellular calcium to 55 ^M which could be increased further in the presence of adrenalin to more than 120 /ZM (Isenberg, 1982) . Due to the residual i Ca , calcium entry would not stop until the cell repolarizes, and thus, at long depolarizations, an additional 100 fiM of calcium per second is expected to enter the cell (Isenberg, 1982) . In the presence of isoproterenol, a residual calcium inward current as large as 8-12 fiA/ cm 2 could carry calcium into the cell for as long as the membrane potential remains at the plateau potential level. This calcium entry will terminate when the membrane repolarizes to potentials more negative than the threshold of -45 mV, thereby deactivating the open non-inactivating channels. Therefore, in the presence of isoproterenol alone, ic a should significantly increase the calcium load of the cell. Adenosine effectively antagonized the increase in ic a . In comparing the broken lines in Figure 6 (panel A: isoproterenol; panel B: isoproterenol plus adenosine), one finds that this antagonism holds true for all potentials between -60 and +40 mV. The ica calculated for isoproterenol plus adenosine is similar to the ic a obtained during control. Thus, we conclude that the calcium load of the cells due to the isoproterenol-induced increase in ic a is effectively antagonized by adenosine. Such a conclusion is supported by calculations based on five doublepulse experiments (total of three bovine and two guinea pig ventricular myocytes).
The ability of isoproterenol to increase the amplitude of the afterdepolarizations is probably the result of a calcium overload that could be due, in part, to one or both of the following mechanisms: (1) as shown in this study, by increasing the amplitude of the slow inward current, and (2) by enhanced Ca uptake by the sarcoplasmic reticulum, with a subsequent increase in its release (Fabiato and Fabiato, 1975; Tada et al., 1978) . In addition, in isolated ventricular myocytes, /?-adrenergic stimulation causes prolongation of the action potential, hence deactivation of i Ca will be delayed. Therefore, in the presence of isoproterenol, the calcium load of the cell is expected to increase greatly because (1) peak calcium conductance is increased (more channels available per unit of time), (2) residual calcium conductance is increased, i.e., a greater fraction of calcium channels do not inactivate, (3) prolongation of the action potential delays deactivation of these residual channels, and (4) it enhances Ca uptake and release by the sarcoplasmic reticulum. Conversely, adenosine, by attenuating these effects of isoproterenol, would tend to renormalize the excess calcium entry that occurs during each action potential. This renormalization of ic a could account not only for the ability of adenosine to antagonize the positive inotropic effects of isoproterenol (Schrader et al., 1977; Dobson, 1978; Belardinelli and Isenberg, 1983a) , but also for its ability to decrease the amplitude of the delayed afterdepolarization and aftercontractions, as well as terminating triggered automaticity induced by isoproterenol (Belardinelli and Isenberg, 1983a) .
Although the antagonism by adenosine on the isoproterenol-induced enhancement of i Ca and residual i Ca seems the most likely explanation for the adenosine reversal of the electrophysiological effects of isoproterenol, other mechanisms may be involved. It was found that adenosine also antagonized the effects of isoproterenol on potassium currents. Isoproterenol-induced changes in ii<i were observed in only 60% of the mycotyes studied under voltage clamp. The changes in i K i were not apparent from the resting and slow action potential recorded from the guinea pig ventricular myocytes; of two possible reasons, one is that slow APs in 25 mM [K + ] o have resting potentials close to E K/ and the second is that, in Na + -free medium, the cells are in a state of calcium overload. The effects of isoproterenol on i| <i were more evident in bovine than in guinea pig ventricular myocytes. In fact, increases in ii<i by /?-agonists previously have been reported in bovine ventricular cells (Cranefield and Gadsby, 1981; Isenberg and Klockner, 1982c) . Although, in the present study, the observed changes in i K i caused by isoproterenol were small and inconsistent, they might be significant for modulating the resting membrane potential and the rate of repolarization (phase 3) in normal [K + ] o , as indicated in our previous study (Belardinelli and Isenberg, 1983a) , but not in high K + medium.
In summary, regarding the myocardial actions of adenosine, the present results indicate that the adenosine attenuation of the cardiac stimulatory action of catecholamines (indirect action) is due to its ability to antagonize the catecholamine-induced increase in calcium inward current. On the other hand, as shown recently, in atrial myocytes a direct action of adenosine (e.g., shortening and hyperpolarization of action potential) is associated with a large increase in potassium outward current (Belardinelli and Isenberg, 1983b) . Although the findings of this and our previous studies in single isolated atrial and ventricular myocytes Isenberg, 1983a, 1983b) offer some insight into the ionic mechanism whereby adenosine exerts its direct and indirect action, they do not provide an explanation for the difference in the responses to adenosine of atrial vs. ventricular myocardium. That is, in atria, adenosine has a direct action, in addition to attenuating the effects of catecholamine, whereas, in the ventricular myocardium, only the indirect mechanism appears to exist.
